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Abstract

With current economic growth and consumption trends projected to bring about a
precipitous and rapid rise of the global temperature, the world stands at a crossroads with regards
to climate change. The rate at which greenhouse gas emissions from fossil fuels, industry, and
land-use is curtailed over the next decade will determine the trajectory of global warming for the
rest of the century. It is increasingly apparent that far-reaching decarbonization of the
transportation infrastructure will need to be supplemented by extensive carbon capture, storage,
and utilization. Taking a leaf from Nature’s playbook, photocatalytic architectures that can utilize
water and/or COz2 in conjunction with energy harvested from sunlight and store it in the form of
energy-dense chemical bonds represent an attractive proposition. Harnessing solar irradiance,
through solar energy conversion involving photovoltaics as well as the photocatalytic generation
of solar fuels, and the photocatalytic reduction of CO2 have emerged as urgent imperatives for the
energy transition. Functional photocatalysts must be capable of efficiently absorbing sunlight,
effectively separating electron—hole pairs, and ensuring they are delivered at appropriate
potentials to catalytic sites to mediate redox reactions. Such photocatalytic architectures must
further direct redox events down specific pathways to yield desired products, and ensure the
transport of reactants between catalytic sites; all with high efficiency and minimal degradation. In
this perspective article, we describe a palette of heterostructures designed to promote robust and
efficient direct solar-driven water splitting and CO2 reduction. The heterostructures comprise
MxV20s or MxM'yV20s (where M is a p-block cation, M’ is an s-, p-, or d- block cation) and V205
represents one of multiple polymorphs of this composition interfaced with semiconductor quantum
dots (QDs, binary or ternary 11-VI or 111-V QDs). The stereochemically active 5/6s? electron lone
pairs of p-block cations in MxV20s give rise to filled mid-gap electronic states that reside above
the O 2p-derived valence band. Within heterostructures, the photoexcitation of QDs results in the
transfer of holes to the mid-gap states of MxV20s or MxM'yV20s on sub-picosecond time scales.
Ultrafast charge separation minimizes the photoanodic corrosion of QDs, which has historically
been a major impediment to their use in photocatalysis, and enables charge transport and the
subsequent redox reactions underpinning photocatalysis to compete with electron-hole
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recombination. The energy positioning and dispersion of lone pair states is tunable through
multiple chemical and compositional levers accessible across the palette of MxV20s or MxM'yV20s
compounds: choice of lone-pair cation M and its stoichiometry x, atomic connectivity of V20s
polymorphs, co-intercalation of A’ cations in “quaternary” vanadium oxide bronzes, anionic
substitution; and alternative lone pair vanadate frameworks with altogether different compositions
and lattice structures. Design principles for understanding the nature of lone pair states are
discussed with reference to hard X-ray photoemission, crystal orbital Hamiltonian population
analyses, and spectroelectrochemical signatures. The dimensions, composition, and doping of QDs
along with interfacial structure afford additional levers for heterostructure integration, enabling
tuning of thermodynamic energy offsets and charge transfer dynamics, which have been
systematically optimized across several generations of heterostructures to improve photocatalytic
performance. Synthetic strategies to prepare new lone-pair MxV20s or MxM'yV20s compounds and
their integration within heterostructures are described. Given the large number of variables, we
also discuss prospects for the applicability of machine learning and high-throughput synthesis to
tackle high-dimensional materials design problems.
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Figure 1. Heterostructures with programmable interfacial energetic offsets driving
photocatalysis. (A) Artistic rendering (top) of water-splitting heterostructures comprising MyV20s
nanowires (gray rods) interfaced with QDs (red spheres) under sunlight. Superimposed is a diagram
describing photocatalytic water oxidation (blue) coupled with either hydrogen evolution reaction (HER)
(yellow) or CO; reduction (depicted here as yielding formaldehyde) (gray) using a heterostructured
photocatalyst. (B) Energy-level diagram highlighting tunable offsets, as a function of composition and
size of QDs and composition of MxV20s (with M = Sn, Pb as representative examples), which drive
charge separation and enable control over the thermodynamics of HER, COa-reduction, and H,O
oxidation, with the energy levels corresponding to a selection of relevant reactions shown on the right.
The background of panel A is adapted with permission from reference (22). Copyright 2019 American
Chemical Society.



1. Introduction

The reliance of our interconnected global economies on the combustion of fossil fuels has
caused myriad and catastrophic environmental, public-health, economic, and geopolitical impacts.
With current economic growth and consumption trends projected to bring about a 4°C rise of
global temperature by 2100, increasingly frequent extreme weather events, a fractious public
policy response, and a limited range of negative emission technologies deployable at scale, the
world stands at a crossroads with regards to climate change.? Afforestation and changes in
agricultural practices alone will not be sufficient to keep global warming below the ambitious
1.5°C target of the Paris climate agreement. Instead, a many-pronged approach is required, which
must include the development of robust technologies for harnessing solar irradiance, both through
solar energy conversion involving photovoltaics and the photocatalytic production of solar fuels,
and through the photocatalytic reduction of CO2. The International Panel on Climate Change
estimates that renewables must provide half to two-thirds of energy by 2050, with solar playing a
major role, and that cumulative carbon capture needed by 2100 will range from 348 Gt CO2, under
early decarbonization, to 1218 Gt CO: if energy-intensive economies continue to grow at an
unfettered pace.®

Photovoltaics cannot be the only strategy for solar energy conversion; variable insolation
necessitates the storage of solar energy, ideally in energy-dense chemical bonds.*® Two promising
approaches to solar-to-chemical energy conversion involve water splitting, or the
disproportionation of H20 into Oz and Hz (a carbon-free fuel); and, taking a leaf from Nature’s
playbook, the reduction of COz to fuels such as methane or methanol. The molecular products of
COg2 reduction, hydrocarbons and oxygenates, can be used as carbon-neutral fuels or precursors of
chemicals and plastics,”*? enabling removal of up to 2.2 Gt CO: equivalents per annum and
mitigating the need to extract fossil fuels.!® Water splitting and the photocatalytic reduction of CO>
are mechanistically similar and have in common stringent requirements in thermodynamics and
kinetics. Water splitting involves the concerted transfer of four electrons and four protons at
sufficiently reducing and oxidizing potentials, respectively (Fig. 1A). Photocatalytic reduction of
COz2 in aqueous media likewise involves multiple proton-coupled electron transfer reactions at
appropriate potentials and is further complicated by the potentially broad distribution of COo-
reduction products (Fig. 1B).

Photocatalysts must promote a complex and interconnected progression of reactions and
transport processes: (1) absorption of sunlight, (2) separation of electrons and holes, (3) charge
transport to catalytic sites, (4) catalyzed redox events directed down specific pathways to yield
desired products, and (5) transport of reactants between catalytic sites.”'**> For a given
photocatalytic mechanism, it is unlikely that a single material can orchestrate the entire sequence
in a synchronized manner; instead, a promising approach is to develop heterostructures comprising
multiple components that each mediate a subset of the required processes. Precisely programming
cascades of events to split water or to convert COz2 to fuels, at heterostructures, requires control of
(a) thermodynamic driving forces through alignment of energetic offsets such that electrons and
holes are delivered to catalytic sites at correct potentials to initiate the reduction of H" or CO2 and
the oxidation of H20; (b) interfacial charge transfer kinetics enabling charge separation and
delivery of long-lived electrons and holes to catalytic sites, which must outcompete recombination
and deleterious reactions such as photoanodic corrosion of the catalyst itself; and (c) reaction
Kinetics at interfaces to drive redox catalysis as close to thermodynamic potentials as possible,
enabling effective proton-coupled electron transfer and predictive product selectivity. %1415



We describe here a palette of heterostructures designed to address these challenges and to
promote robust and efficient direct solar-driven water splitting and CO2 reduction. The
heterostructures consist of MxV20s or MxM'yV20s (where M is a p-block cation, M’ is an s-, p-, Or
d- block cation, x and y are their respective stoichiometries, and V20s represents one of multiple
polymorphs of this composition)®16-18 interfaced with semiconductor quantum dots (QDs, binary
or ternary 11—V1 or 11—V QDs) (Fig. 1b). The stereoactive 5/6s? lone pairs of p-block cations in
MxV20s give rise to mid-gap electronic states. Within heterostructures, the photoexcitation of QDs
results in the transfer of holes to the mid-gap states of MxV20s or MxM'yV20s on sub-picosecond
time scales.?®%2 Ultrafast charge separation minimizes the photoanodic corrosion of QDs, which
has historically precluded their use in photocatalysis,'>?*?* and enables charge transport and the
subsequent redox reactions underpinning photocatalysis to compete with electron-hole
recombination.

Energies and densities of the intercalative mid-gap states of MxV20s and MxM'yV20s can
be modulated with composition (selecting from different p-block cations with stereochemically
active lone pairs for M and s/p/d-block cations for co-intercalated M'), atom configuration (atomic
connectivity of different VV20Os polymorphs and the specific interstitial sites occupied by M and M’
cations), and electronic structure, enabling control over the driving forces of interfacial charge
transfer and catalytic oxidation reactions.®%22%5 |_ikewise, the energies of photoexcited electrons
in QDs are tunable using size, composition, surface functionalization, and alloying, enabling
control over driving forces of QD-mediated reduction reactions in MxV20s/QD and related
heterostructures (Fig. 1B). As indicated in Fig. 1B, modulating the size of QDs principally
influences the energy positoning of the conduction band edge,?®?” whereas composition (and
especially choice of anion) chiefly determines energetic positioning of the valence band,
facilitating overlap with MxV20s. A smaller extent of tunability, ca. 100 meV, can be accessed
through choice of ligand.?® This class of heterostructure photocatalysts thus offers unusual, and
perhaps unprecedented, tunability of the thermodynamics and kinetics of excited-state charge
transfer processes underpinning the photocatalytic production of solar fuels.

Several generations of MxV20s/QD heterostructures have been designed and characterized
in terms of their electronic structure, excited-state charge transfer dynamics, and performance in
photocatalytic proton reduction.®1921.2225.2930 By developing high-throughput topochemical
synthetic methods, we have recently prepared and characterized a palette of new ternary MxV20s
and quaternary MxM'yV20s compounds with composition- and structure-dependent electronic
properties, which are ripe for incorporation into heterostructure photocatalysts. This perspective
article summarizes the distinctive electronic structure of MxV20s/QD heterostructures, highlights
the potential to control both the thermodynamics and kinetics of excited-state charge-transfer
processes central to photocatalysis, provides an overview of synthetic strategies, and addresses
future prospects for the heterostructure photocatalysts. We describe the electronic structure of
MxV20s and MxM'yV20s compounds and the advantages of lone pair-derived mid-gap states,
relative to band-edge states, in photocatalysis. We explain how the energy and distribution of mid-
gap states of MxV20s and MxM'yV20s compounds can be tuned with the polymorph of the V20s
framework and the identity and properties of intercalated cations, and we highlight lone-pair
vanadates beyond MxV20s and MxM'yV20s that are possible candidates for similar photocatalytic
architectures. Synthetic strategies to MxV20s/QD and related heterostructures are described. The
influence of interfacial electronic structure on excited-state charge transfer, the key charge-
separation event in photocatalysis, is discussed, along with an overview of photocatalytic
performance of MxV20s/QD heterostructures. Finally, we address prospects and challenges



pertaining to improved navigation of the vast design space involving lone-pair oxides, as well as
to expanding the scope of photocatalytic reactions promoted by the heterostructures.

2. Revised Lone Pair Model and the Origin of Lone Pair States

The filled s-subshells of post-transition-metal cations with an (n —1)d*°ns?np® electronic
configuration oftentimes exhibits properties of stereochemically active electron pairs by repelling
adjacent bonding pairs to induce structural distortions around the metal center, the magnitude of
which depends strongly on the nature of anion interactions.®! The electron lone pairs occupy a
volume that is equivalent to a fluoride or oxide anion, and can induce a considerable off-centering
of the metal from the centroid of its polyhedron.®? While initial studies assumed that the lone pairs
were predominantly nonbonding in nature, there is considerable evidence now that whether the
lone pairs are “inert” or stereochemically active depends in large measure on their hybridization
with anions, as captured in the revised lone pair model by Walsh et al. (Fig. 2). The presence of
lone-pair repulsions can induce oriented dipoles that trigger deviations from centrosymmetry
across the crystal structure. Such deviations have been exploited to design piezoelectric,
ferroelectric, and nonlinear optical materials exhibiting a second-harmonic generation response
and render stereoactive lone pairs an important design principle for modulating lattice symmetry.33
The lattice anharmonicity introduced by the Pb 6s? electron lone pairs has further been shown to
induce a metal—insulator transition in B-Pbo.33V20s, and by Macaluso and co-workers to underpin
a reversible thermochromic transition in PbVOsCL3**3® In CsSnBrs, emergent asymmetry is
observed that is ascribed to Sn?* lone-pair-derived stereochemical activity upon warming, a
phenomenon the authors have labeled “emphanisis”.®” Anomalies in thermal expansion coefficient
and the emergence of an unusual pseudo-symmetry is further mediated in part by the
stereochemical activity of Pb?* lone pairs in HC(NH:2)2Pbl3.%® Moreover, the Sh 5s? stereoactive
electron lone pairs have been shown to facilitate reversible fluoride-ion insertion in FeSb204 at
room temperature by weakening iron—fluorine interactions, thereby further providing a design
principle for insertion electrodes of anion batteries. %4

The energy positioning of stereochemically active electron lone pairs is tunable across an
energy range of interest for enabling hole extraction from I1-VI and I11-V QDs in photocatalytic
heterostructures, as demonstrated for B-Pbo.33V20s/QD and B-Sno.2sV205/QD heterostructures.®-
2L Figures 2A—C depict visualizations of the electron lone pairs in B-Pbo.33V20s, PbVOsCl, and
FeSh204 as calculated by electron localization function analysis. Historically, lone pairs derived
from p-block cations were presumed to be nonbonding in nature but their role in affecting
structural distortions depending on their specific anion coordination environment challenged this
notion. Hybridization of the lone pair ns2-states with ligand p states is stabilized by a second-order
Jahn—Teller distortion.***? The link between lone-pair—anion interactions and local structural
distortions can be elucidated by delineating orbital contributions through energy-variant
photoemission spectroscopy, which in conjunction with density functional theory calculations has
led to the postulation of the revised lone pair model.***2 As per this model, the hybridization of
cationic 5s or 6s lone pair states with filled anion 2p or 3p states yields a combination of occupied
bonding and anti-bonding lone-pair—anion states. The latter is further stabilized by mixing with
unoccupied cation 5p and 6p-states, yielding an occupied antibonding “mid-gap” state above the
anionic p states in the valence band with a spectroscopic signature distinguishable using hard X-
ray photoemission spectroscopy (HAXPES).*® Figure 2G shows the relative energetics of lone
pair states and anion p states; their energetic proximity determines the strength of hybridization
and the resulting stabilization of anti-bonding states at the top of the valence band. Crystal orbital



Hamilton population (COHP) analyses are furthermore effective in delineating the energy
positioning and the pairwise bonding/antibonding character of the electron lone pair states
resulting from the interaction of electron lone pairs of p-block cations with the anionic p states
(Figs. 2D—F).

3. Lone-Pair-Derived Electronic States and Photocatalysis
The extent of hybridization between the lone-pair-derived ns-states with ligand p states and
the relative stability of lone pair-derived mid-gap states is dictated by the choice of both the post-
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Figure 2. Visualizing Stereoactive Electron Lone Pairs using Electron Localization Function (ELF)
and Crystal Orbital Hamilton Population (COHP) Analyses (A) ELF sliced along the (001) plane of
B-Pbo33V20s. (B) ELF sliced along the (100) plane of PbVVOsCI. (C) ELF sliced along (001) plane of
FeSh,04, with color scheme for atoms in these structures shown below the panels. COHP analyses plot
for (D) Pb—O interactions in B-Pby33V20s; (E) Pb—O and Pb—CI interactions in PbVOsClI; and (F)
Sb—O interactions in FeSh,Os. COHP Interactions are plotted such that the bonding interactions
between two species are negative on the vertical axis, whereas the antibonding interactions are positive
on the vertical axis. (G) Molecular orbital representation showing the lone pair states derived from the
hybridization of cationic nsand np states with the anionic np states, with blue arrows indicating an
increase in the binding energy for cationic ns and anionic np orbitals as one moves across the periodic
table. Panel (F) is adapted from reference (40). Licensed under CC BY-NC-ND 4.0 / data reproduced
and relabeled from original.



https://creativecommons.org/licenses/by-nc-nd/4.0/

transition-metal cation and p-block anion, the stoichiometry of the cation relative to the anion, and
the atomic connectivity as defined by the crystal structure of the compound. The lone-pair-derived
mid-gap states in post-transition metal oxides can be tuned (along with their conduction and
valence band edges) to design photocatalytic architectures with electronic structures that are
matched with redox potentials suitable for water splitting (Fig. 1B).

The oxides of Sn (SnO, SnOz, and Sn3z04) present an interesting case study highlighting
the role of lone pair-derived mid-gap states in reducing thermodynamic offsets for the
photoelectrochemical splitting of water. SnO2 is a wide-bandgap (ca. 3.6 eV) semiconductor,**
where Sn is fully oxidized to Sn**and the Sn 5s° states are present at the conduction band minimum
(CBM), more positive than the hydrogen evolution potential, which makes it an inefficient catalyst
for photoelectrochemical hydrogen evolution. In contrast, SnO has a narrow indirect bandgap of
ca. 0.7 eV,* where the hybridization of 5s? electron lone pairs on Sn?* with O 2p leads to the
formation of lone-pair-derived mid-gap states that push the valence band maximum (VBM) more
negative than the hydrogen evolution potential. The misalignment of the band edges with the
hydrogen evolution potential, and the less-than-optimal band gaps, render both SnO2 and SnO
unviable for water splitting, as corroborated with experimental studies.** However, in SnzO4, the
mixed valency of Sn (Sn?*and Sn**) leads to the formation of sufficient lone-pair-derived mid-gap
states such that the VBM is appropriately aligned, and the bandgap is overlapped with the solar
spectrum such as to enable the effective photoelectrochemical splitting of water.**

BiVOs presents another case where the stereochemistry of Bi 6s? electron lone pairs
governs photocatalytic activity. The scheelite structure of BiVOas exists in monoclinic and
tetragonal symmetries with a reversible transition between the two phases. Despite having similar
band gaps (2.40 eV for monoclinic and 2.34 eV for tetragonal phase), the monoclinic phase is more
photocatalytically active for water splitting. In tetragonal BiVO4, the VBM is primarily O 2p in
character, whereas the CBM is V 3d. The reduced symmetry in the monoclinic phase leads to
structural distortions of the Bi—O polyhedron that allow Bi 6s? lone pairs to hybridize with O 2p
states. The hybrid states derived from the Bi 6s? electron lone pair lie above the O 2p states and
push the VBM to a more negative potential with respect to SHE, improving the alignment of VBM
with water redox potentials for efficient photocatalysis.*®*® Oxidative catalysis formally invokes
the lone-pair-derived Bi®*/Bi°* states hybridized with O 2p at the mid-gap states, whereas the
reductive catalysis involves V3*/V/?* at the CBM. However, despite suitable band alignments for
charge transfer and an appropriate bandgap for light absorption, the widespread use of monoclinic
BiVOs as a photocatalyst has been stymied by the short hole diffusion length, which leads to facile
recombination of photogenerated charge carriers.*

As an alternative to singular direct-bandgap post-transition-metal oxide photocatalysts
where conduction band and lone-pair-derived valence band states are sought to be aligned with
proton reduction and water oxidation potentials, respectively, a different strategy involves the
design of heterostructures that leverage lone pair states to affect interfacial charge separation upon
photoexcitation. Lone-pair-derived states have been used for hole extraction within photocatalytic
heterostructures interfacing compounds such as [-PbxV20s and B-SnxV20s with I11-VI
semiconductor quantum dots (QDs) as illustrated in Figure 1. Chalcogenide quantum dots (QDs)
are ideal light-harvesting elements given their high absorption coefficients; however, their use as
photocatalysts has been limited as they suffer from anodic photocorrosion in aqueous media from
the localization of photogenerated holes at surface traps.>® The filled lone pair states of the post-
transition metal oxides can accept photoexcited holes from QDs and further transport them to co-
catalysts for water splitting. The MxV20s/QD heterostructures present a new class of



photocatalysts where the ionization potential of the lone-pair-derived states of the MxV20s
nanowire near the VBM can be precisely modulated to accept holes from QDs of different
compositions and dimensions. This design principle was first demonstrated to create f-
Pbo.33V20s/CdSe-QD  heterostructures as photocatalysts for water splitting.1%%° The
thermodynamic band alignment between the nanowire and the QDs at the valence band was further
improved by interfacing B-Pbo.33VV20s nanowires with CdS QDs, as well as $-Sno.2sV20s nanowires
with CdSe QDs.1%?! The electronic states derived from the Sn 5s electron lone pairs were precisely
engineered to extract photogenerated holes from the CdSe QDs at the VB, which led to efficient
hydrogen evolution.?

The design space of MxV20s and co-intercalated MxM'yV20s family is substantial. The
ability to grow single crystals in a high-throughput manner has greatly accelerated materials
discovery across numerous vectors of this design space and has afforded precise control over the
energy positioning and dispersion of these lone-pair states, rendering them versatile elements in
the design of photocatalytic architectures.

3.1. Modulation of Lone Pair States as a Function of Framework Connectivity Across V20s
Polymorphs

The expansive family of intercalated MxV20s materials is well-suited to lone-pair
engineering as a result of the extensive structural diversity of V20s frameworks. V20s crystallizes
in a multitude of open framework polymorphs with single-/double-layered or tunnel-like extended
structures, typically with low-symmetry space groups; multiple crystallographically-distinct
vanadium sites are common and give rise to complex Fermi surfaces and considerable scope for
tunability of the bandgap.!®® The thermodynamically stable polymorph of V20s, a-V20s shown
in Figure 3A has a unique vanadium position, and is the starting point for atomic structure (and
by extension, electronic structure) modification by the insertion of different cations.>*? The
abundance of interstitial sites between V20s galleries, in combination with easy redox between
VIV and V3V gives rise to many distinct accessible sites, with substantial implications for
both atomic and electronic structure. The formation of polaronic V3d electronic states at reduced
V sites has significant impact on the positioning of the valence band edge in catalytic structures,
and mixed-valence V has been observed to facilitate the transport of holes and/or electrons.?%3
Notably, polaronic filled valence band states can hybridize with closely spaced 5s2/6s? antibonding
lone-pair-derived states.?> The insertion of guest cations in varying local coordination
environments, based on their ionic radius, available valence electrons (oxidation state), and
softness/hardness holds scope for modulating the overall electronic structure and charge-transport
pathways.!8:54

One illustrative example is the “tunnel phase” V20s structure, the empty, fully-oxidized
framework of which is represented as (metastable) {-V20s.% In stoichiometries of ca. 0<x<0.33,
this structure hosts guest cations in the crystallographic B site, with relatively small cations (e.g.,
Li* in B-Lio.33V20s) assuming a 5-fold coordination geometry and larger metal ions (e.g., Pb?* in
and B-Pbo3V20s) assuming a highly distorted 7-fold coordination geometry (Fig. 3A). For
0.33<x<0.66, a 5-coordinate ' position is instead favored for smaller cations, with '-CuosV20s
(Fig. 3A) further exhibiting a split-site disorder at this position, the oscillation of which gives rise
to polaron destabilization at high temperature, inducing a strong metal—insulator transition (larger
cations tend to be limited to a stoichiometry of ca. 0.33 for this framework).>® When subjected to



a large driving force for intercalation, an entire continuum of crystallographic sites including an
unusual 2-coordinate position have been identified in {-V20s to accommodate Li-ions, with the
extended V20s framework exhibiting remarkable durability across multiple transformations.>” The
removal and insertion of different guest cations while leaving the overall V20s framework intact
then allows for exploration of metastable V205 phase space and distorted empty structures as hosts
for the insertion of lone-pair cations with many interstices available for site-selective positioning.*®
Using these methods to achieve different VV20s connectivity therefore provides a primary means
for band structure engineering, by creating a valence band principally of V 3d! bonding states
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Figure 3. Compositional and Structural Levers for Modulating the Energy Positioning and
Dispersion of Lone-Pair States (A) Overview of available chemical levers for modulating the electronic
structure of lone-pair MyV,0s bronzes with a view towards optimizing energetic offsets with QDs to
promote effective charge separation and with water redox potentials to ensure delivery of electrons and
holes at low overpotentials. The left schematic represents the band structure of M«V.Os. The energy
positioning and dispersion of midgap states is tunable as a function of (i) polymorph type, which is
represented by a selection of V205 structures, including the thermodynamic minimum a-V.Os, and
different tunnel- and layer-like polymorphs accessible by the insertion of differing stoichiometries of Cu
and Pb; (ii) Group of the inserted p-block cation, comparing the crystal structures and cation coordination
environments of 8-PbogV20s and 8-TlosV20s, respectively, with the impact of p-block 6s and O 2p
hybridization on molecular orbital energetics sketched on the right-hand side of the panel; (iii) Period
of the inserted p-block cation, which can be modulated by approaches such as the topochemical removal
of Cu-ions from a f'-site and insertion of Sn-ions to the p-site; (iv) Co-intercalation with s-, p-, or d-
block cations, which cover a potentially vast array of new structures, three recently discovered structures
grown as single crystals are shown: B-Pbgis/B'-LiosV20s, B-Snois/B'-CugssV20s, and B-Pbgas/B'-
Cuo.25V20s. (B) Structures of mixed anion compounds—halide substitution on the oxide lattice holds
promise for precise modulation of stabilization of anti-bonding lone pair states and thus the energy
positioning and dispersion of midgap states. Below is a plot comparing the relative energetics of relevant
of p-block cationic-s and anionic-p states.



dispersed by anisotropic symmetry and multiple coordination environments of edge- or corner-
sharing tetrahedra, square pyramids, and octahedra.

3.2. Compositional Levers for Lone Pair Engineering

These atomistic design features—namely, diversity of polymorph, multiplicity of available
interstices, and ready accessibility of removal and insertion of new cations—make MxV20s and
MxM'yV20s compounds an excellent platform for the precise positioning of lone-pair states.>*%8-6!
Available “levers” for modifying the band structure by precise positioning of lone-pair states as a
function of atomic species and bond connectivity are outlined in Figure 3: i) polymorph type; ii)
periodic group of inserted p-block cation, iii) period of inserted p-block cation; and iv) co-
intercalation with s-, p-, or d-block cations. As introduced in Section 3.1, a first available knob for
modifying band structure in this family of materials (with broad contours of electronic structure
features sketched along an energy axis on the left-hand side of Fig. 3) is selection of polymorph
type; choice of one- and two-dimensional extended V20s structures (synthetically templated by
choice of guest cations in hydrothermal synthesis or melt growth). The representative 1-D structure
discussed here is the f-MxV20s family of bronzes, where corner-sharing double-layers of VOs
octahedra are joined by “walls” of VOs square pyramids to form tunnels (the structures of fB'-
CuosV20s and B-PbosV20s as elucidated from single-crystal X-ray diffraction are shown in
Figures 3A-i). The 2D structures are mainly of the 5-MxV20s family where condensed double-
layers of VOs octahedra form infinite sheets that are filled in by the inserted cation M (an example
structure of 8-Pbo.9V20s, which is close to the intercalation limit for this structure, is shown in
Figure 3A-i). For Pb?" and Sn?* cations, which are of particular interest for photocatalytic
architectures, the limit of intercalation in the B-MxV20s structure, whether accessed
thermodynamically or topochemically (in the case of Pb?®* and Sn* insertion, respectively) is
approximately x = 0.33, when exactly % of the B-sites in the tunnel are filled. Above these
stoichiometries, in thermodynamic structures accessed by direct synthesis, the host framework will
adopt a layered 6-MxV20s stoichiometry, which can incorporate these lone-pair guest cations up
to roughly x = 1, representing a widely tunable range of stoichiometries. Partial deintercalation or
direct synthesis in stoichiometric amounts can be achieved to vary the Pb?*/Sn?*/TI* content in
these double layered 8-phase structures. Beyond 8-MxV20s, many related 2D structures are also
known with varying configurations and stacking sequences of condensed double-layered [V40O10]
slabs including e-CuxV205°%%2 and transition-metal solvates of the formulas §-Mo25V20s-zH20
and 6-Mo.25V205-zH20 (two of which are shown as crystal ensembles in Fig. 4, with the crystal
structure of the Ni hydrate illustrated in Fig. 4D).%%% These other polymorphs exhibit similar
compositional diversity and are further amenable to topochemical transformations.

Hybridization of p-block lone-pair states with O 2p orbitals creates hybrid antibonding
states that contribute to the mid-gap states lying above the valence band maximum (Figure 3A-
ii).% For lone-pair engineering in these host structures, the choice of p-block cation in both
structural types is of crucial importance as a means of selecting the dispersion and the energy
positioning of 5s and 6s lone-pair states added to the top of the valence band as “mid-gap” states.
The choice of p-block cation also influences the hybridization of V 3d states; as an example, the



crystal structures of 8-Tlo.sV20s and 8-Pbo.oV20s derived from single-crystal X-ray diffraction are
shown adjacent to one another in Figure 3A-ii to highlight the variation in local coordination, with
Pb?* adopting a distorted 7-fold coordination and TI* adopting a cubic 8-fold coordination.
Notably, the ordering of the lone-pair cations further dictates the pattern of electron localization
on the V20s framework, which has implications for hole/electron transport. Temperature-
dependent Mott transitions, polaron localization, and spin ordering have been observed in o-
MxV20s bronzes as a result of cation reordering.%>® The energy positioning of mid-gap states
increases from left to right in going from Bi®** to TI*. The Hg2** dimers imbue a somewhat more
complex electronic structure: 6s contributions from the Hg2?* dimers show some similarities to
lone-pair contributions in terms of hybridization of s-states with O 2p orbitals, which is evidenced
in HAXPES as an amplification of intensity at high excitation energies and a slight asymmetry
around the dimers; however, further studies are needed to fully distinguish the contribution of 6s
states to bonding of the dimers in this framework, which has long been a challenging problem for
density functional theory treatments.®’

The identity of the p-block ion provides a powerful means of modulating the energetic
positioning of lone-pair-derived states, e.g., Sn?* instead of Pb?*. This is exemplified in the case
of the tunnel-like B/B-MxV20s framework in Figure 3A-iii. Placement of Sn?* ions (and
corresponding 5s lone-pair states) within the tunnel must be achieved by the topochemical removal
of Cu* ions and insertion of Sn?* at low (<400°C) temperatures, as the B-Sno.3V20s structure lies
outside the thermodynamic minimum at these stoichiometries. Topochemically targeting for Sn
lone-pair states in this way raised the energy of the midgap states, enabling effective overlap with
the VBM of CdS and CdSe QDs and thus enabling a substantial improvement in the interfacial
energetic offsets driving charge separation and photocatalytic performance of QD-containing
heterostructures.?* The use of topochemistry to combine V20s host structures with select p-block
cations represents a versatile strategy in the design of new structures with precisely positioned
electronic states for hole extraction.’

3.3. co-Intercalation as a Means of Lone Pair Engineering

A further method for adjusting the electronic character of lone-pair V205 bronzes, namely
co-intercalating multiple cations with highly selective site preferences, has recently been
developed and is a direct result of the plethora of insertion sites available in the {-V20s tunnel.
While a disordered layered “quaternary” t-(Ag,Cu)o92VV20s bronze has been investigated
previously,®® the deliberate co-intercalation of site-selective cations within tunnel-type V20s
bronzes represents a new and entirely unexplored vector for electronic structure modulation. This
approach presents combinatorial opportunities for site-selective cation mixing and valence band
engineering in the solid state, with a wide range of structures accessible by diverse synthetic routes.
Figure 3A-iv displays three new quaternary MxM'yV20s structures that take advantage of the
relative site preferences of different cations in order to modify the existing electronic properties of
the ternary lone-pair bronze via hybridization with an s- or d-block co-intercalant. Subtle structural
distortions introduced by the inclusion of secondary intercalants can have substantive long-range
effects owing to changes in electron (de)localization and orbital hybridization. p-Pbx/p'-CuyV20s
has been synthesized, along a range of Pb and Cu stoichiometries x and y as per:



a-V20s (S) + XPbC204 (s) + yCu () = B-Pbx/p'-CuyV20s (s) + 2xCO2 (g) (@)

by mixing Cu metal, PbC204, and a-V20s powders, and annealing under Ar at 550° for 24 h. Large
single-crystals of B-Pbx/p'-CuyV20s have been obtained by melting the product powder at 800°C
in sealed quartz ampoules under vacuum and slowly cooling at a rate of 2°C/h. Single-crystal X-
ray diffraction confirms an atomic crystal structure wherein Pb?* cations prefer a 7-coordinate -
site occupancy and Cu* cations prefer a 5-coordinate B’-site occupancy. Topochemical lithiation
of pristine B-Pbo.3V20s with n-butyllithium yields a similar product structure where Li* ions are
selectively inserted to the f'-site as per:

B-Pbo.3V20s (s) + x n-LiCaHg (heptanes) = B-Pbo.s/B'-LixV20s (s) + x/2CsH1s (heptanes) (2)

B-Snx/B'-CuyV20s has likewise been accessed by mixing powders of B'-CuxV20s with SnC204 in a
hexane slurry, followed by annealing under Ar flow at 350°C to effect the topochemical insertion
of Sn?* to the pre-intercalated B'-CuyV20s tunnels as per:

xSNC204(s) + B'-CuyV20s (S) = B-Snx/B'-CuyV20s (s) + 2C0O2 (g) (3)

In the case of B-Pbx/B'-CuyV20s, resonant elastic/inelastic X-ray Scattering (REIXS)
experiments indicate substantial amplification of vanadium L-edge d—d charge transfer features
with increasing co-intercalation. Co-intercalation, especially site-selective modification, thus
affords a large library of MxM'yV20s compounds with considerable scope for modification of the
electronic structure of lone-pair bronzes to improve thermodynamic energy offsets in
heterostructures, control electron and hole carrier concentrations, and mediate relaxation pathways
for photoexcited heterostructures. Furthermore, co-intercalation provides a straightforward means
of disentangling electronic contributions from the lone-pair cation with VV3d contributions arising
from mixed vanadium valence; as for a given lone-pair cation stoichiometry x, the ratio of V4*/\v°*
can be adjusted independently with co-intercalant stoichiometry y using s- or d-block intercalants.
Ongoing work is focused on teasing out the optimal combination of mid-gap lone-pair states and
vanadium reduction that allows for desired energy offsets and band dispersion while facilitating
facile hole transport away from the QD interface. A foundry of over 100 distinct compounds
characterized by single-crystal diffraction has become available as illustrated in Figure 4A. To
emphasize the sheer variety possible in the chemical modulation of vanadium oxide structures, we
also include a depiction of the unusual solvated structure (TMA)4H2V10028(CH3COOH)(H20)2.
(TMA = tetramethylammonium; large crystals of this species are shown in Figure 4A and a view
of the crystal structure is shown in Figure 4B). This little-explored structure, which can be
accessed via mild hydrothermal methods,% consists of [H2V1002s]* clusters entirely surrounded
by solvent molecules, effectively representing a “0-dimensional” vanadium oxide structure; the
unusual structural motif suggests solvent replacement and solvent co-intercalation as an additional
potential vector for chemical modification. The crystal structure of hydrated 5-(Ni*H20)xV20s is
shown in Figure 4D, illustrating an additional structural motif accessible in solvated vanadium
oxide bronzes.%



3.4. Lone Pairs in Ternary and Quaternary Vanadates

Ternary and quaternary vanadates exhibit considerable compositional and structural diversity
by dint of the multiple available redox states of vanadium and accessibility of tetrahedral, square
pyramidal, and octahedral local coordination environments.”®* In addition to intercalation of p-
block cations in one of many V20s polymorphs, other structural motifs are available such as
layered trivanadates (V30s).”>"® However, in comparison to MxV20s systems, the structure and

(TMA),H,V,,0,4(CH,COOH)(H,0), ;

Figure 4. “Crystal Foundry” and Selected Vanadate Crystal Structures. (A) A selection of digital
photographs highlighting the diversity of stable and metastable vanadates accessible as large single-crystals,
with great variety in morphology, cation- and solvent-intercalation, and optical appearance. (B) View of
the triclinic (TMA)sH2V10028(CH3COOH)(H20)25 (TMA = tetramethylammonium) crystal structure
viewed down the (110) axis, showing how the structure is formed by a lattice of discrete H,V1002s clusters
bridged in all directions by a combination of incorporated H.O, CH;COOH, and TMA moieties. Unit cell
boundaries are indicated by dashed lines. (C) View of the layered TIV3Ogstructure (left-hand side), viewed
down the a-axis, with the unique Tl and V atoms labeled; unit cell boundaries are indicated by a green line;
and local view of the distorted 10-fold T| coordination environment (right-hand side), with atomic labels
shown for the Tl atom and two unique V atoms that are bridged by oxygen atoms. (D) Perspective view of
the layered 8-(Ni*4H>0)xV20Os structure, viewed down the b-axis, showing V-Os layers filled by Ni atoms
coordinated to water oxygens (shown as larger red spheres, H atoms omitted for clarity) in a square planar
arrangement. Atomic coloring scheme: Red = O, Black = C; Blue = N, White = H; Teal = V, Purple =TI,
Gray = Ni; V—O polyhedra colored gold in panels B and C, and purple in panel D.



properties of ns lone-pair trivanadates of the formula MV30g (M = K, Rb, Cs, TI)""’® remain less
explored. Asanexample, TIV3Os is a layered monoclinic system (space group P21/m) containing
two distinct vanadium coordination environments (shown in Figure 4C). The coordination of the
V(1) atom is a strongly distorted octahedron, whereas V(2) is ensconced within a square pyramid.
The V(1) ions form an edge-shared square pyramidal network arrayed in a zigzag fashion; the V/(2)
ions form twisted zigzag chains of edge-shared VOs octahedra. The structure is essentially
identical to that reported for KV3Os, NHsV30s, CsV3Os, and RbV30s.”"’® The magnetic
susceptibility of TIV3Os exhibits a ferromagnetic transition at ~140K. Based on determination of
the ordered and effective moments, the magnetic transition is derived from superexchange
coupling between the oxygen p-orbitals and the reduced V"* centers (V"*-O-V"*) mediated across
structural distortions of the local bonding geometries due to the presence of the stereoactive 6s?
lone pairs of TI*. p-block vanadates thus hold potential for substantial tunability of energy
positioning of mid-gap states through variation of structural motifs, as well as for modulating
vanadium-derived conduction band edges through different combinations of mixed valent
vanadium centers.

3.5. Anion Control of Lone-Pair States

In addition to the structural and compositional levers based on cations, the anionic
substitution of oxygen can also be used to fine-tune the energy positioning of the electron lone
pair-derived mid-gap states. As shown in Figure 2, the relative energetic positioning of anion 2/3p
states with respect to lone-pair-derived 5/6s? states governs their extent of hybridization and the
ultimate energy positioning of the filled anti-bonding states at the top of the valence band. In other
words, anion hybridization is key to determining the stereoactive versus inert nature of lone
pairs.34! Mixed-anion systems such as oxyhalides, oxychalcogenides, and oxypnictides of post-
transition metal cations present another means of modulating the position and composition of the
mid-gap states.*"°81 By modifying the anion hybridizing with the p-block cation, the position and
metallic nature of the electronic states derived from stereoactive lone pair electrons can be
adjusted. HAXPES analysis of a mixed-anion system (PbVOsCl) has shown that in addition to the
Pb-O hybridization, the stereoactive lone pair states are also amenable to mixing with CI 3p states.
These results have been further corroborated by first-principles DFT calculations and XANES
spectra.3* Similarly, in FeSb204, F-ion insertion and coordination of F-ions to Sh®" centers
destabilizes Sb—O interactions and shifts them higher in energy (Fig. 2g).© Oxyhalides of Pb and
Bi have been shown to possess appropriately positioned valence bands for photocatalytic evolution
of hydrogen.” Dual control over the design space (choice of p-block cation and anion) would
allow us to synthesize a library of p-block oxyhalides with two independently tunable variables to
optimize valence band energy positioning for hole transfer with QDs, enabling ultrafast and more
effective excited-state charge separation and yielding heterostructures for efficient delivery of
holes to water oxidation catalysts at a low overpotential. Therefore, the anionic substitution of
oxygen provides an important additional vector to Fermi engineer the valence band of compounds
containing stereochemically active lone pairs, enables new structural motifs where lone-pair
repulsions between cation 5s%/6s? lone pairs and halide lone pairs allow for lattice anharmonicity,
and provide a means of improving their band alignment with QDs to achieve faster hole extraction,
within heterostructures, by increasing energy dispersion for optimal harvesting of solar energy.



4. Synthesis and Characterization of MyxV.0s/QD Heterostructures and Determination of
Energetic Offsets

Given the diversity and modularity of lone-pair vanadium bronzes and their tunability of
mid-gap states, they can be effectively interfaced to extract holes from a diverse range of QDs with
varying positions of valence band edges. The QDs are used as harvesters of light and donors of
excited charge carriers within the photocatalytic architectures.?2®? 11-VI QDs and related
compounds have been deposited onto substrates, and interfaced with other materials components
to yield heterostructures, primarily via four methods: (1) chemical bath deposition (CBD), wherein
the substrate is immersed in solvated ionic precursors;3384 (2) direct attachment, which involves
depositing pre-synthesized nanoparticles onto substrates, or interfacing as-synthesized nanoscopic
components to yield heterostructures, without the aid of a molecular linker;® (3) successive ionic
layer adsorption and reaction (SILAR), a variation of CBD in which the substrate is sequentially
immersed in different precursor solutions and the metal chalcogenide or related material of interest
is precipitated directly onto the substrate;®¢®" and (4) linker-assisted assembly (LAA), in which
bifunctional linker molecules tether materials components together to yield heterostructures or
nanoparticle-functionalized substrates.®

In recent work, we have synthesized MxV20s/QD heterostructures of varying compositions
through both SILAR and LAA as illustrated in Figure 5.20252%%0 These techniques each have
distinct advantages and disadvantages. SILAR vyields direct MxV20s/QD interfaces and
controllable loadings of QDs encompassing almost complete core/shell geometries, but affords
relatively less control over the size and size distribution of deposited QDs. Alternatively, LAA, in
which pre-synthesized colloidal QDs are tethered to MxV20s nanowires via ligands, enables
greater control over the size and electronic properties of QDs, and therefore the interfacial
energetic offsets that determine the driving force for charge transfer within heterostructures;
however, LAA typically yields lower loadings of QDs on MxV20s, and ligands may present a
barrier to interfacial charge transfer requiring specific channels such as level crossing of the excited
carrier state in QDs with receiving states or superexchange processes to mediate change transfer
in donor—bridge—acceptor systems.®°

In the SILAR deposition of CdSe onto B-Pbo3sV20s nanowires, as an example, the
nanowires are initially dispersed in a solution of Cd?*, collected by centrifugation, and washed,
and then dispersed in a solution of Se?, collected, and washed (Fig. 5A).?° This sequence of steps
represents one SILAR cycle. The loading and average size of QDs increase with the number of
sequential SILAR-deposition cycles, the concentration of precursor solutions, and the reaction
time per SILAR cycle.?*% SILAR-deposited CdS and CdSe exhibit blue-shifted absorption onsets
relative to the bulk materials and are thus in the quantum confinement regime. Approximately 3—
10 SILAR cycles are used to deposit 11—V1 QDs onto MxV20s or MxM'yV20s NWs.
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Figure 5. Heterostructures of MyV,0s nanowires and CdS/CdSe quantum dots made by SILAR and
LAA. (A) Schematic sketching heterostructure synthesis via SILAR (top) and LAA (bottom) methods.
SEM images of (B) bare B-Pbo3sV20s NWSs, (C) LAA-derived cys-CdSe/B-Pho33V20s heterostructures,
and (D) CdSe/B-Pbo33V20s prepared by 3 SILAR cycles. TEM images of (E) CdS/B-Pbo33V-0s after 3
SILAR cycles and (F) LAA-derived cys-CdS/B-Pho33V20s. (G) Raman spectra of $-Pbg33V20s, SILAR-
derived CdS/B-Pho.33V20s after 1 or 3 SILAR cycles, and dispersed cys-CdS QDs. Panels (C) and (D) are
adapted with permission from reference (25). Copyright 2015 American Chemical Society. Panels (E),
(F), and (G) are adapted with permission from reference (20). Copyright 2016 American Chemical Society.
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LAA-derived heterostructures are readily prepared by reacting MxV20s NWs with
cysteinate-capped CdSe or CdS QDs (cys-CdSe or cys-CdS) in aqueous dispersions. As-
synthesized colloidal CdSe and CdS QDs bearing native cysteine capping groups are particularly
suitable for interfacing with MxV20s; the protonated amine of cysteine, under sufficiently acidic
conditions, may promote the attachment of the QDs to the NW substrate.?®

In scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
images, MxV20s/CdSe and MxV20s/CdS heterostructures synthesized by either SILAR or LAA
exhibit rougher and speckled surfaces (Figs. 5B,C), relative to the bare NWs (Fig. 5A). Well-
resolved overlayers of cadmium chalcogenide obscure the lattice planes of the MxV20s substrate,
and discrete QDs are resolvable in high-resolution TEM images.?® Much recent effort has focused
on automated image analysis using machine learning methods.®! Increasing the number of SILAR
cycles leads to agglomeration of the QDs.?%212°> The functionalization of QDs on MxV20s NWs
can be verified and quantified by EDS from the presence of Cd and either S or Se within the
heterostructures. EDS elemental mapping reveals homogeneous surface coverage of SILAR-
deposited CdSe on [B-Sno2sV20s NWs with spatially-resolved domains of CdSe and B-
Sno.23V20s.2! SAED patterns of SILAR- or LAA-derived CdS/B-Pho.33V20s heterostructures and
SILAR CdSe/B-Sno.23V20s heterostructures are complex, exhibiting diffraction spots for the NWs
as well as diffuse ring patterns due to the corresponding QDs. High-resolution TEM images reveal
wurtzite lattice fringes for CdS or CdSe QDs in both SILAR- and LAA-derived heterostructures
(Fig. 5E,F). The crystal structures of LAA- and SILAR-deposited cadmium chalcogenides on
MxV20s NWs can further be confirmed by Raman spectroscopy (Fig. 5G), through the growth of
the bulk longitudinal optic (LO) mode and second-order overtone bands corresponding to CdS or
CdSe.2%2° The energy positioning of midgap states in MxV20s or MxM'yV20s compounds and their
alignment with VB edges of QDs, which determines the thermodynamics of hole transfer, can be
examined using HAXPES. HAXPES is a non-destructive method to analyze the electronic
structure of materials. Given its enhanced probing depth relative to soft X-rays, HAXPES can
measure electronic states deep into the bulk (Figure 6A). The photoionization cross-sections of
different states measured by HAXPES are rapidly diminished with increasing incident photon
energy but their dependences vary strongly as a function of the angular momentum quantum
number of the orbitals contributing to the states.** The cross-sections of subshells with higher
orbital angular momentum quantum numbers, for instance, f and d subshells, are rapidly
diminished as compared to s and p orbitals.®** As such, HAXPES spectra acquired at higher
incident photon energies more prominently feature contributions from subshells with lower
angular momentum. Stereoactive lone pair states, which are derived from 5/6s? orbitals of post-
transition-metal cations are thus prominently observed at higher incident photon energies.®
HAXPES measurements performed across our available foundry of single crystal samples in
conjunction with first-principles simulations and COHP analysis (Fig. 2) thus provide a direct
means of evaluating both the energy positioning and dispersion of mid-gap states as well as
ascertaining their specific orbital contributions. Figure 6 compares HAXPES spectra acquired for
B-PbxV20s and B-SnxV20s (Fig. 6B) and B-SnxV20s with and without CdSe/CdTe QDs deposited
by SILAR (Fig. 6C). The HAXPES data demonstrate the modulation of the mid-gap state by
replacing Pb?* with Sn?*, which enables improved overlap with the valence band edges of CdSe
and CdTe QDs. Figure 6D sketches the energetic offsets as derived from HAXPES and DFT
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Figure 6. HAXPES as a tool for probing energetic contributions. (A) Diagram illustrating the capacity
for HAXPES to probe bulk sample as well as buried interfaces, compared to conventional XPS. (B)
HAXPES spectra comparing -Sno.33V20s and -Pbo33V20s nanowires illustrating the difference in energy
positioning across lone-pair bronzes as well as the change in distribution of bonding and antibonding states
(labeled B and A, respectively). (C) HAXPES spectra comparing empty (-V.Os nanowires, bare -
Sng33V20s, and B-Sngs3V20s interfaced with CdSe and CdTe QDs. (D) lllustration of energetic offsets
arising from CdSe, CdTe, and MyV:20s interfaces, and consequent density of states (left-hand side) and
HAXPES-measurable binding energies (right-hand side), that can be modulated by choice of lone-pair
cation. Panels (A) and (B) are adapted from reference (6). Licensed under CC BY 4.0 / reformatted and
relabeled from original. Panels (C) and (D) are reproduced with permission from reference (21). Copyright
2018 American Chemical Society.

calculations illustrating the thermodynamic favorability of QD-to-mid-gap-state hole transfer. The
CB edges of QDs are established using diffuse reflectance spectroscopy and X-ray absorption
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spectroscopy. These measurements together enable mapping of the thermodynamic driving forces
for charge separation and the potentials (versus SHE) at which photogenerated electrons and holes
are expected to be delivered to co-catalysts. Energetic offsets and thermodynamic driving forces
can be derived across the extensive design space of MxV20sor MxM'yV20s and interfaced 11-VI
and I11-V QDs by interrogating libraries with HAXPES and diffuse reflectance spectroscopy
measurements. By revealing which heterostructures have energetic offsets that promote the desired
QD-to-mid-gap-state hole transfer underpinning photocatalysis, and by enabling understanding of
the influence of electronic structure on charge-transfer dynamics, HAXPES further serves as the
linchpin of an accelerated exploration strategy.



5. Ultrafast Interfacial Charge Separation by Design

Optimal thermodynamic alignments as illustrated in Figure 1B are necessary but not sufficient for
effective charge separation within photocatalytic heterostructures; effective charge separation also
requires ultrafast electron and hole transfer to prevent recombination and unproductive channels
that do not yield photoproducts. Excited electrons and holes must be separated efficiently in
photocatalysis, such that desired reduction and oxidation reactions (Figure 7A, A-F) outcompete
electron-hole recombination (Figure 7A, 1-5).2*1% For a system with a continuum of donor or
acceptor states, charge-transfer rate constants depend on the thermodynamic driving force,
reorganization energy, electronic coupling, and the density of charge-accepting states.**** The
kinetics and thermodynamics of charge-transfer processes driving photocatalysis are thus
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Figure 7. Charge-Transfer Kinetics Underpinning Charge Separation and Photocatalysis. (A)
Photoinduced charge-transfer cascade leading to photocatalysis, with reduction of CO, to CO as a

representative example (arrows A—F), and competing recombination pathways (arrows 1—5), with
measured timescales. The left schematic represents the corresponding band structure of MyV20s. (B)
Measured Transient Absorption (TA) spectrum (green) of S-PbossV20s and fit (black) to linear
combination of absorbance spectra (shown in inset) of electrochemically oxidized and reduced f-
Pbo.33V20s (the latter have been derived from spectroelectrochemical measurements). (C, D) TA spectra
acquired at delay times of 1—5 ps for SILAR-derived (C) and LAA-derived (D) S-Pho.33V-0s/CdSe
heterostructures; the instantaneous rise of induced absorbance from 475—525 nm reveals sub-
picosecond hole transfer whereas the time-resolvable growth of absorbance at longer wavelengths arises
from the decay of the first excitonic bleach of CdSe with electron transfer. (E) Charge-separated state
lifetimes (<7 >), monitored via the decay of induced absorption at 510 nm, are substantially longer for
S-Pbo33V20s/CdSe heterostructures as compared to bare S-Pbo33V20s. Panels (C) and (D) are adapted
with permission from reference (19). Copyright 2016 American Chemical Society.



intertwined. We have measured sub-picosecond transfer of holes from valence band edges of QDs
to midgap states of MxV20s in our CdS/B-Pbo.33V20s, CdSe/B-Pbo.33V20s and CdSe/p-Sno.23V20s
heterostructures, and have discovered that charge-transfer mechanisms and dynamics depend on
composition, electronic structure, energetic offsets, and interconnectivity.?®22% Key interfaces
include between (i) QDs and MxM'yV20s5 NWs which require hole-transfer channels (as sketched
in Figure 1) and (ii) QDs and co-catalysts (such as Pt or M0S2) which necessitate electron-transfer
channels.

Hole-transfer dynamics and yields as a function of interfacial electronic structure and
energetic offsets driving hole transfer have been found to be governed by (1) properties of mid-
gap states of NWs, (2) size and composition of QDs (tunable by doping and alloying), and (3)
QD/NW connectivity and interfacial electronic coupling. Emission-quenching experiments in
concert with transient absorbance (TA) spectroscopy have revealed charge-transfer mechanisms,
dynamics, and yields in our heterostructures as a function of these parameters and have been
interpreted with the help of spectroelectrochemical measurements (Fig. 7B). Transfer of holes to
mid-gap states of MxV20sand MxM'yV20s can be quantified via an induced absorption (475—525
nm);'*** sub-picoscond hole transfer is observed from photoexcited CdSe and CdS QDs to
MxV20s, whereas in binary heterostructures and in the absence of a reduction co-catalyst, QD-to-
MxV20s electron transfer proceeds on 4—5 ps timescales for SILAR heterostructures and more
slowly still for LAA heterostructures (Fig. 7C). Differential rates of electron and hole transfer
effect charge separation, and electron-hole recombination is substantially slower for
heterostructures than for bare MxV20s (Fig. 7D). Addition of a co-catalyst capable of electron
extraction from photoexcited QDs further enhances charge separation in ternary photocatalytic
architectures used as the active elements of photoelectrochemical cells. Spectroelectrochemical
and TA measurements on free QDs and NWs, and QD/V20s heterostructures (without mid-gap
states), enable us to assign features to charge transfer.!*?° The availability of a library of MxV20s
or MxM'yV20s and interfaced 11-VI and 111-V QDs provides opportunities for measuring the
kinetics of excited-state interfacial hole transfer for novel heterostructures building on detailed
understanding of thermodynamic energetic offsets.

6. Photocatalysis

The light-harvesting properties and ultrafast charge separation, via excited-state hole
transfer, exhibited by various MxV20s/QD heterostructures renders these materials intriguing
candidates for applications in photocatalysis.?l Much of the experimental demonstrations of
photocatalysis on these systems pertains to HER, or the reduction half-reaction of water splitting,
with our MxV20s/QD heterostructures.®® We have characterized photocatalytic HER using
photoelectrochemistry (PEC). In a typical experiment to evaluate the catalytic function of QD/NW
heterostructures, the heterostructures are dispersed in ethanol and spray coated onto a conductive
substrate such as fluorine-doped tin oxide (FTO); the heterostructured thin film serves as the
working electrode for PEC measurements. A coiled Pt wire and saturated calomel electrode (SCE)
are used as the counter and reference electrodes, respectively. A typical electrolyte is KNOs, lactic
acid, and a Ni(3-mercaptopropionic acid) co-catalyst in a 1:4 (v:v) water:acetonitrile solution. For
H2 generation experiments, the electrochemical cell is purged with Ar (1 h) and then illuminated
(2 h) with a 100 W Xe arc lamp filtered to transmit 400—720 nm light. Following illumination,
the headspace is analyzed for the presence of Hz using gas chromatography (GC).2*?° In one



approach, linear sweep voltammograms are acquired under chopped white-light illumination of
bare MxV20s (Fig. 8A) and MxV20s/QD heterostructure-functionalized photocathodes (Fig. 8B)
to provide direct evidence for light-initiated redox photocatalysis. Additionally, chronocoulometry
data are acquired under steady-state white-light illumination, at applied potentials at which dark
current is negligible. Hz is collected and characterized by gas chromatography (GC), and Faradaic
efficiencies are calculated from the charge passed and the amount of Hz evolved.

The combination of these PEC approaches enables straightforward comparisons of the
relative rates and efficiencies of HER among various MxV20s/QD heterostructure formulations
(Fig. 8C). We have also characterized photocatalytic HER from dispersed MxV20s/QD
heterostructures under white-light illumination, where Hz is collected and characterized by GC;
thus, the heterostructures can promote HER within dispersions and without any applied bias. In
both approaches, PEC and photocatalysis with dispersed heterostructures, we have oxidized lactic
acid rather than water, such that the oxidation half reaction does not limit the rate of HER, and we
use solvated nickel(ll) co-catalysts to enhance the rate of HER from MxV20s/QD heterostructures.
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Figure 8. Photocatalytic reactivity of MyxV,0s/QD heterostructures. (A) Linear sweep
voltammograms of bare a-V,0O, (orange)’ B-Pbo.33V20s5 (green)’ and B-Sno23V20s/CdS (grey) NWSs
under chopped illumination exhibiting negligible photocurrents and (B) linear sweep voltammograms
of the corresponding M.V,0s/QD heterostructures. (C) Rates of H, evolution for SILAR-derived
heterostructures (PEC) and LAA-derived a-V-0s/CdSe heterostructures (PC) with respective Faradaic
efficiencies indicated. (D) Linear sweep voltammograms of bare MoS, (black) and MoS,/CdS
heterostructures (blue) and (E) corresponding rates of H, evolution for bare MoS,), isolated CdS QDs,

and MoS,/CdS heterostructures with measured Faradaic efficiency indicated. Panel (D) is adapted with
permission from reference (30). Copyright 2020 American Chemical Society.



In our initial characterization of photocatalytic HER, -Pbo.33V20s/CdSe heterostructures
exhibited a 3-fold enhancement in reductive photocurrent relative to a-V20s/CdSe heterostructures
(Fig. 8a).2 Whereas a-V20s lacks mid-gap states, this result illustrated that excited-state hole
transfer from CdSe to mid-gap states of S-Pbo.s3sV20s could indeed facilitate extended charge
separation and redox photocatalysis. Both SILAR- and LAA-derived B-Pbo33V20s/CdSe
heterostructures evolved Hz with Faradaic efficiencies exceeding 90% (Fig. 8B), indicating that
HER was the predominant electrochemical mechanism.?? Our second-generation /-
Sno.23V20s/QD heterostructures also exhibited reductive photocurrents and HER (Fig. 8A), with
Faradaic efficiency of 82+5% for -Sno.23V20s/CdSe. No photocurrent was observed for bare -
Sno.23V20s electrodes, again highlighting the role of mid-gap states and interfacial charge
separation in HER. At an applied potential of (-0.171 + 0.007) V versus SCE, the photocurrent
observed for [-Sno.23V20s/CdSe was within 50% of the photocurrent produced by g-
Pbo.33V20s/CdSe; the respective Faradaic efficiencies were comparable, and the H2 evolution rates
were within ca. 20% of one another. Notably, despite differences in measured reductive
photocurrents in LSV measurements, which indicate the rate and yield of reduction processes
irrespective of mechanism, the measured Faradaic efficiencies were high (above 80%) for all
MxV20s/QD heterostructures (Fig. 8B). Thus, irrespective of composition, HER is the
predominant photocatalytic reduction mechanism for MxV20s/QD heterostructures.

We have further characterized HER from a-V20s/CdSe heterostructures in some detail.
These heterostructures have type-11 interfaces that drive electron transfer from photoexcited CdSe
to the conduction band of a-V20s5.2 The charge-separation mechanism at the a-V20s/CdSe
interface, QD-to-NW electron transfer, is thus the reverse of the mechanism for MxV20s/QD
heterostructures. Under prolonged illumination of dispersions, HER from LAA-derived a-
V20s5/CdSe was 20-fold more efficient relative to colloidal cys-CdSe QDs, illustrating that
interfacial charge separation indeed promotes redox photocatalysis. Properties of the a-V20s/CdSe
interface greatly affect HER. SILAR-derived a-V20s/CdSe heterostructures evolved H: at a rate
of <0.05 pumol h, whereas corresponding LAA-derived heterostructures evolved Hz 100-fold
more rapidly at 6.1 + 0.2 umol h™t. We attributed the slower HER at SILAR-derived o-V20s/CdSe
heterostructures to rapid electron-hole recombination at interfaces with direct contact between
CdSe and a-V20s, whereas, for LAA-derived heterostructures, the presence of cysteine as a
molecular linker further separates electrons and holes and provides a barrier to recombination.?®

In an effort to eliminate the need for solvated co-catalyst, and towards the goal of preparing
ternary heterostructure photocatalysts, we have recently synthesized MoS2/CdS heterostructures,
via SILAR deposition of CdS onto MoS2 nanoplatelets, and characterized their electronic structure,
excited-state charge transfer reactivity, and photocatalytic performance.®*® MoS2/CdS
heterostructures exhibited Type-Il energetic offsets, with band-edge potentials of CdS lying
negative relative to those of MoSz. Photoexcited electrons in CdS QDs were transferred within 5
ps to MoSg, thus separating photogenerated charges to facilitate redox photocatalysis. Time-
dependent DFT simulations indicate that level crossing and orbital mixing of excited states
facilitated by the charge-separation dipole underpins ultrafast electron transfer in CdS/MoS:
heterostructures. Resonantly matched states, identifiable from TDDFT-MD and tunable with
crystal facet and composition (e.g., Cd-terminated CdS(001)/MoS:) are a key descriptor for



ultrafast electron transfer underpinning effective charge separation and photocatalytic function.®
The MoS2/CdS heterostructures evolved Hzat a rate of 38.6 + 1.2 umol h* with Faradaic efficiency
approaching 100% (Fig. 8E). In contrast, electrodes functionalized with bare MoS2 nanoplatelets
did not produce any appreciable photocurrent (Fig. 8D). These results illustrate the scope for
exploring SILAR- and LAA-derived MoS2/QD heterostructures of varying compositions and
electronic structure, as well as ternary heterostructures incorporating MoSz, QDs, and MxV20s or
MxM'yV20s, towards the goal of eliminating altogether the need for solvated co-catalysts.

7. Prospects for Improved Navigation of the Design Space

The future design of photocatalytic materials requires navigating a design space with an
imposing number of process variables: Even when limited to lone-pair vanadium bronzes, as
described above, species can be accessed in both stable and metastable regions of
multidimensional phase spaces, targeting compounds with the insertion and removal of multiple
cations and anions, to be interfaced within binary or even ternary heterostructures, and accessed
by a wide array of synthetic strategies. More generally, for any given composition, there are an
infinite number of possible metastable configurations, which some believe might even represent a
formally nondeterministic polynomial-time (NP) hard problem.®% Even for a polynomial
problem, the number of possible combinations increases as a cubic relationship in the number of
parameters; as such, it remains almost entirely beyond the scope of full factorial experiments. For
O(N®) order, with 10 parameters, there are 1,000 combinations to explore; addition of 100
parameters implies 1 million combinations. As such, the improved navigation of this many-
dimensional design space requires the judicious use of informatics and machine learning capable
of processing large volumes of chemical information and of Al reaction discovery with integration
of physical design principles.

The degree to which a set of atoms is able to prospect its available energy landscape
depends in substantial measure on (i) the starting energy with which the material begins its
relaxation towards a (meta)stable equilibrium state; (ii) available reaction trajectories (governed
by the functional that describes the landscape, the entry points where monomers enter this
landscape, and the specifics of precursor structure); and (iii) accessibility of transformation paths
between adjacent metastable states (reflecting the propensity for the material to be trapped within
a shallow valley).}" Since computational simulations of multidimensional free energy landscapes
remain intractable, Al models hold promise as surrogates to aid the navigation of high-dimensional
spaces.

For targeting mid-gap states in lone-pair vanadium bronzes, the relevant chemical
descriptors weighing on the outcome can largely be broken down into structural polymorph,
framework connectivity, cation(s), and anion as outlined in in Figure 3; and as we have established,
a large diversity of ternary and quaternary structures can be accessed as multidimensional data
points. High-throughput synthesis by computerized SILAR apparatuses and ChemSpeed robotic
arm platforms allow for the relatively rapid generation of structural information and adjustment of
design space parameters. Recently, graph neural networks (GNNSs) have been intensively studied
to automatically learn features from input graphs for property prediction. The most widely-used
architectures for GNNs are message passing neural networks (MPNNSs), which update node



features through passing messages across nodes and edges.*”*® However, GNNs oftentimes fail to
consider the important 3D positional information of the original objects. Such 3D information is
of pivotal importance to predicting crystal structure outcomes, such as bond lengths, polyhedral
distortions, and long-range bonding motifs. 3D graph neural networks (3D GNNs), that explicitly
encode 3D positional information about molecular and materials composition and structure, or
GNNs capable of learning low-dimensional embedding manifold in a high-dimensional design
space,® will enable reaction precursors to be mapped to intermediates and final products—thereby
establishing proxies for the most probable reaction trajectories.

The mathematical behavior of traditional material precursor—crystal-structure—property
functions is inadequate to model far-from equilibrium materials. Instead, optimal recovery models
based on evaluating the functional dependence of a rich class of functions (Gaussian Process,
Trees, Deep Neural Networks, etc.) are needed to enable identification of design parameters x
(input features) for which f (x) is optimal (proper control of the input features which will optimize
the desired material output—a specific crystal structure or energy positioning of states). Materials
discovery frameworks that enable the dynamic building and exploitation of internal representations
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Figure 9. Schematic depiction of a machine-learning workflow for the iterative exploration and
exploitation of synthetic design space for identifying active variables that determine structural motifs
and crystal structure outcomes in a range of metastable MyV>0s and MyM',V>0s polymorphs.

of the materials space, under extreme data sparsity, are required to enable identification of specific
modifications (dopant incorporation, structural modification, stress, interfacial properties, external
excitation) that will allow for stabilization of metastable polymorphs.

Ternary and quaternary vanadium bronzes, given the plethora of known and accessible
structures, provide an excellent platform for algorithmically mapping (Precursor Structure)—
(Crystal Structure Outcome)—(Energy Positioning of Mid-Gap States) relationships to connect
initial compositions and structures of precursors to crystal structure outcomes, and to the response
surface through potentially complex process paths determined by reaction conditions and



iteratively modified using robotic synthesis tools. A learning approach that connects points on a
response surface and yields generalizable chemical design principles for metastable materials can
be used not only to explore/exploit the available design space but also to augment it. Figure 9
depicts a schematic of a machine-learning workflow for developing such an iterative approach.

8. Prospects for Photocatalysis Beyond Hydrogen Evolution

Key properties of MxV20s/QD and MxM'yV20s/QD heterostructures render them ideal for
photocatalysis, potentially across a broad spectrum of reactions initiated by reduction or oxidation
events: (1) absorption spectra are tunable with the size, composition, and surface functionalization
of QDs and the composition of MxV20s or MxM'yV20s; (2) interfacial electronic structure is
programmable with composition and interconnectivity, which in turn enables control of the driving
force for charge transfer and the overlap between donor and acceptor states (as illustrated in
Figures 1 and 3); (3) the ultrafast extraction of holes from QDs*®2° prevents photoanodic corrosion
(Fig. 7); and (4) QDs can be interfaced with reduction co-catalysts such as MoSz. In past work, we
have described several generations of heterostructures with systematically improved interfacial
energetics to drive photoinduced hole transfer.!®2! Charge separation can be exploited in
photocatalytic HER with high Faradaic efficiencies.??> Section 3 describes a substantially
expanded foundry of new MxM'yV20s materials with diverse compositions and atomistic and
electronic structures, which promises to enable still greater control over interfacial charge transfer
and charge transport. These new materials and heterostructures further hold promise for
broadening the scope of redox reactions catalyzed by photoexcited MxV20s5/QD and
MxM'yV20s/QD heterostructures.

Several important redox reactions, for which photocatalysts are highly sought-after, share
similar mechanisms and have common thermodynamic and kinetic requirements, and are thus ripe
for exploration with a tunable photocatalyst platform.??230 Oxidizing water rather than a
sacrificial donor, and thus splitting water into hydrogen and oxygen, could provide a sustainable
route to hydrogen as a carbon-neutral fuel. To split water with our heterostructures will require
interfacing new or established water-oxidation catalysts either with dark anodes of
photoelectrochemical cells or directly with MxV20s or MxM'yV20s in dispersed photocatalysts.

The MxV205/QD and MxM'yV20s/QD heterostructure platform may also be applicable
towards the photocatalytic reduction of CO2, which is particularly challenging because HER
competes with the reduction of CO2, and because of the broad distribution of potential CO2-
reduction products. Thermalized electrons at Ec of many bulk and quantum-confined 11-VI and
111-V semiconductors lie at potentials sufficiently negative to reduce CO2 to C1 products (Fig. 1B).
Photocatalytic reduction of both CO2 and H* are thus thermodynamically favorable. To promote
the selective reduction of CO2 may require doping the QDs!® or interfacing QDs with COa-
reduction co-catalysts, potentially including MoSz or other transition metal chalcogenides.0+10
Recent reports have highlighted the potential to control products of photocatalytic reduction of
CO2 or H* with the size of QDs.'%!! Products of CO: reduction at MxV20s/QD and
MxM'yV20s/QD heterostructures may thus depend on the energy of electrons in QDs. A range of



11-VI and 111-V QDs, readily interfaced with MxV20s or MxM'yV20s surfaces via SILAR or LAA,
have bulk Ec values within and more negative than relevant CO2-reduction potentials (Fig. 1B).
For example, the Ec of bulk CdSe is more negative than the CO2/CHa4 couple and more positive
than the CO2/CO couple, whereas, with decreasing size of CdSe QDs, the reduction of CO2 to CO
will become thermodynamically favorable. The influence of both thermodynamics and kinetics
(relative activation barriers for various reduction pathways) on COgz-reduction product
distributions is ripe for exploration with the MxV20s/QD and MxM'yV20s/QD heterostructure
platform.

Finally, heterostructures that produce long-lived charge-separated states with electrons and
holes at sufficiently reducing and oxidizing potentials, respectively, can be used to photocatalyze
wide-ranging redox processes involving organic transformations or the production of chemical
feedstocks. Indeed, various QDs have recently been shown to photocatalyze organic reactions
including carbon-carbon bond formation reactions, cycloadditions, and polymerizations.**?11°
Within MxV20s/QD and MxM'yV20s/QD heterostructures, charge-separated states are long-lived
and photoanodic corrosion of QDs is negligible; moreover, the many compositional, structural,
electronic, and interfacial degrees of freedom of the heterostructures afford an unusual degree of
control over electronic properties, excited-state charge transfer, and photocatalytic reactivity.
Thus, this heterostructure platform holds promise for mediating a rich landscape of photocatalysis
mechanisms, which the focus of extensive ongoing research.
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